Abstract: We shall show equivalence between Palatini-f (R) theories and Brans-Dicke (BD) theories at the level of action principles in generic dimension with generic matter coupling. We do that by introducing the Helmholtz Lagrangian associated to Palatini-f (R) theory and then performing frame transformations in order to recover Einstein frame and Brans-Dicke frame. This clarifies the relation among different formulations and the transformations among different frames. Additionally, it defines a formulation a lá Palatini for the Brans-Dicke theory which is dynamically equivalent to metric BD (unlike the standard Palatini-formulation of metric BD theory which are not dynamically equivalent).
Introduction
Standard General Relativity (GR) is a remarkably effective theory which modeled for almost a century the whole phenomenology of gravity we were able to observe. During the last decade of 20 th century new and more precise observations in astrophysics and cosmology started to be available. Today we have a whole class of phenomena which can be fitted by standard GR at the price of introducing gravitational sources which do not correspond to any kind of matter we see around us. Such sources are collectively called dark sources.
Currently, it is estimated that the visible matter of the universe provides about 4% of its total mass and energy. About 23% is the so-called dark matter (in the current understanding made of particles which interact only through weak and gravitational interactions) and about 73% is made of so-called dark energy (in the current understanding best candidate is a tiny positive cosmological constant which should be identified with vacuum energy in standard model, though the order of magnitude does not quite match).
Although there are strong evidences of dark sources both from astrophysics and cosmology all evidences for them are purely gravitational effects. We could say that we know dark sources uniquely through their gravitational effect and their fundamental nature from particle physics is unknown.
In particular, there is no candidate in the standard model of particle physics for dark matter and one has to resort to still unobserved new particles of which there is no evidence at fundamental level, yet. Moreover, experimental survey which are trying to directly detect effects of dark matter at fundamental level (e.g. gamma rays produced by annihilation or direct detection of weak interaction with ordinary matter) are (until now) simply not detecting anything. Of course, we are in the beginning of researches in this field and situation could change at any moment. However, until now we have to remark our complete ignorance about the nature of dark matter. Also observations are cutting down more and more candidates based on speculations about extensions of the standard model. About dark energy the situation is similar. A good candidate is available as a tiny positive cosmological constant. However, in the current understanding cosmological constant should † This paper is dedicated to the memory of Mauro Francaviglia. be related to the quantum vacuum expectation value of energy which strongly depends on the details of the model. The quantum vacuum expectation value of standard model seems too big to account for gravitational effects of dark energy, string theory models usually give the wrong sign for it. Of course, it is possible that still un-investigated models with the correct prediction exist. However, one has to again remark our ignorance about details. Moreover, it is still unclear whether observations point to a cosmological constant or to a so-called quintessence field (which is quite similar to a scalar field which plays the role of a cosmological constant though being allowed to depend on points in spacetime). This is the quite discouraging state of our knowledge.
An alternative approach is to try and regard dark sources as purely gravitational effects due to slight modification of long range gravity interaction and dynamics. Also in this direction some success is available. For example, there are known dynamics for fitting different situations (e.g. rotation profiles of galaxies, structure formations, cosmological acceleration) though currently there is no accepted modification which is able to account for all dark effects at all scales.
Here we shall discuss some approaches in the second line of reasoning. Unfortunately, once one allows modifications of gravitational interactions the range of possible modifications often becomes soon very wide. Moreover, interpretation of standard GR and observations very often is extremely dependent on the details of the model and more general models often need a scrutiny of foundations and interpretation of the theory. This of course is particularly interesting since it gives us a better founded interpretation of gravitational theories and astronomical observations, even if in the end observations will point towards standard GR. Probably, one should also keep in mind that when standard GR was developed a clear and definite knowledge of connections was still on the way and the standard interpretation is strongly based on the assumption that the theory is governed by essentially one metric field which plays the multiple roles of gravitational field, geometry of spacetime, geometric counterpart of observational protocols, governing free fall of test particles and light propagation.
We shall hereafter consider a particular subclass of modified models for gravity, known as Palatini-f (R) theories. We shall show how the physical interpretation of the theory is particularly sensitive to the detail of the model.
In Section 2 we shall briefly review Ehlers-Pirani-Schild (EPS) framework for interpretation of gravitational theories and define the class of extended theories of gravitation (ETG) . In Section 3 we shall review notation and main results about Palatini-f (R) theories. In Section 4 we shall present and discuss the equivalence with Brans-Dicke theories and behavior with respect to conformal transformations from a variational viewpoint. In conclusions we shall discuss a tentative model and discuss possible consequences.
EPS framework
In the early 70s Ehlers, Pirani and Schild (EPS) proposed an axiomatic framework for relativistic theories in which they showed how one can derive the geometric structure of spacetime from potentially observable quantities, i.e. worldlines of particles and light rays; see [1] . Accordingly, in the EPS framework the geometry of spacetime is not assumed but derived from more fundamental objects.
By assuming two congruences of worldlines for particles (P) and light rays (L) on a spacetimes manifold M , one can define out of light rays a conformal class of metrics C = [g]. Two metrics g, g ∈ Lor(M ) are conformally equivalent iff there exists a positive scalar field ϕ such that g = ϕ(x) · g. Let us stress that conformal transformations are vertical transformations on the configuration bundle Lor(M ).
Then one can prove that particles free fall is described by a projective class P = [Γ] of connections; see [2] . Two connections are projectively equivalent iff they share the same autoparallel trajectories. In fact the connectionΓ ′α βµ =Γ α βµ + δ α (β V µ) defines the same geodesic trajectories asΓ α βµ for any covector V µ . In this case we say thatΓ andΓ ′ are projectively equivalent.
Accordingly, free fall corresponds to a projective class P = [Γ]; see [3] .
Finally, we need a compatibility condition between the conformal class C associated to light cones and the projective class P associated to free fall. This is due by the simple fact that we know that light rays (and hence light cones) feel the gravitational field as mass particles. Noticing that g-lightlike g-geodesics are conformally invariant (unlike general g-geodesics), we have then to assume that g-lightlike g-geodesics are a proper subset of allΓ-autoparallel trajectories. In view of EPS-compatibility condition one can show that a representativeΓ ∈ P of the projective structure can always (and uniquely) be chosen so that there exists a covector A = A µ dx µ such that∇g = 2A ⊗ g where g ∈ C is a representative of the conformal structure and the covariant derivative∇ is the one uniquely associated toΓ; see [4] . Equivalently one has the following relation between a representative g of the conformal structure and the representativeΓ of the projective structure:
To summarize, by assuming compatibility between particles and light rays one can define on spacetime a EPS structure, i.e. a triple (M, C, P). The conformal structure C describes light cones and it is associated to light rays. Notice that having just a conformal structure one cannot yet define distances (which are not conformally invariant). Not being gauge covariant, in order to define distances one must resort to a convention which corresponds to the choice of a specific representative g ∈ C. On the other hand, the projective structure P is associated to free fall so that one can make a canonical gauge fixing by choosing the only representative in the form (2.1) or, equivalently, the 1-form A.
The triple (M, C,Γ) (or, equivalently, the triple (M, C, A)) is called a Weyl geometry on spacetime. This setting is more general than the setting for standard GR where one has just a Lorentzian metric g determining both the conformal structure g ∈ C and the free fallΓ = {g} (i.e. assuming that the connectionΓ is obtained as the Levi-Civita connection uniquely associated to g). Hence standard GR is a simple and very peculiar case of EPS framework, where there is a gauge fixing of the conformal gauge. Such a fixing is possible iff the covector A = A µ dx µ is exact, i.e. A = dα. In this case, there exists a Lorentzian metricg ∈ C also determining free fall byΓ = {g}. When this happens the Weyl geometry (M, [g], {g}) is called an integrable Weyl geometry. Notice that this is still more general than standard GR in the sense that the metric determining free fall and light cones is not the original g chosen to describe dynamics, but a conformally related oneg ∈ [g]. Reverting to standard GR in a sense amounts to choose the gauge α to be a constant (so that A vanishes identically).
In integrable Weyl geometries there is nothing ensuring that the canonical representativeg also gives us the measured distances, that as far as we can see could as well be related to any other conformally equivalent metric g. Fixing the metric that we use to calculate distances is, at the end, a choice that we can do only a posteriori, on the basis of observations, as Riemann clained as early as 1854: the curvature of the universe has to be determined by astronomical observations. Deciding which is the metric that really enters observational protocols is something that should not be imposed a priori but rather something to be tested locally.
In view of EPS framework it is natural to assume that gravitational field is described by a metric g, which is the one which encodes geometrically the observational protocols and represents the conformal structure C, and a (torsionless) connectionΓ which is related to free fall of test particles.
In fact, the request to be torsionless can be removed. If torsion is allowed, since the connection is fixed by free fall of test particles and geodesics equation does not depend on the torsion, arbitrary torsion can be introduced and equation (2.1) just determines the torsionless part of the connection. Of course torsion can become important when coupling to spinors (see [5] ).
Here we restrict to torsionless connections for simplicity.
Then dynamics will determine a relation between these two structures. If dynamics enforces EPS-compatibility then the theory is called an extended theory of gravitation (ETG) and EPSframework is implemented in the field theory. A class of examples of ETG is provided by Palatini-f (R) theories (see next Section). We shall see that generically, provided that matter couples to g and not toΓ, these theories are always integrable ETG since their dynamics forces the connection to be a metric connection for a representativeg of the conformal class, usually different from the one g assumed to describe observational protocols.
Studying Palatini-f (R) theories is therefore interesting since it allows to review foundations and interpretation of gravitational theories in a more general context. Of course, Palatini-f (R) theories are not the most general ETG; see [6] .
Palatini-f (R) theories
In Palatini-f (R) theories fundamental fields are a Lorentzian metric g µν and a connectionΓ α βµ assumed to be torsionless. Let then M be a smooth orientable connected paracompact manifold of dimension m, which can support (global) Lorentzian metrics. The configuration bundle will thence be
where Lor(M ) is the bundle of Lorentzian metrics (which allows global sections by assumption), Con(M ) is the bundle of (torsionless) connections over M , and B is a configuration bundle for matter fields (which, for example, may include electromagnetic field and other matter fields).
The configuration bundle has local fibered coordinates (x µ , g µν ,Γ α βµ , ψ i ).
The connection defines a Ricci tensorR αβ (Γ) (which is not necessarily symmetric in its indices) and let us set R := g αβR αβ for a scalar curvature which depends on both the connection and the metric. The phase bundle is assumed to be
since the matter fields can couple to g through the Levi-Civita connection {g}.
The dynamics is obtained from a Lagrangian in the form
where √ g denotes the square root of the absolute value of the determinant of the metric, f (R) is a generic analytic (or sufficiently regular) function of the scalar curvature R. For now we shall not assume much about the matter sector except that it does not couple toΓ.
The Lagrangian can be varied with respect to fields to obtain
where T αβ is the Hilbert stress tensor of matter fields obtained by variation of the matter Lagrangian with respect to the metric field, we setũ 
These are second order equations in the connection (due to the f ′ (R) factor in the second equation). However one can define a new conformal metricg µν = ϕg µν by using the conformal
m−2 so that the second equation can be solve explicitly to givẽ
This shows that dynamics enforces EPS-compatibility and that the projective structure is integrable. With this information we can setR αβ to be the Ricci tensor of the conformal metric g. One can trace the first equation by g αβ to obtain the so-called master equation
which is an algebraic equation for R with a parameter T := g αβ T αβ .
If
e. except in the cases f (R) = CR m 2 + c) then one can generically solve for R = R(T ). Another important function is the one obtained by inverting
In any event the first field equation can be recast in the form
From this one can see that Palatini-f (R) theories are equivalent to standard GR for the conformal metricg though with a modified source stress tensor. In fact one has
In vacuum, T αβ = 0 and Λ := − m−2 2m R(0) is constant, so that Palatini-f (R) theories is equivalent to standard GR with a cosmological constant Λ; see [7] .
Brans-Dicke theories with potential
Let us consider a metric g, a scalar field ϕ and generic matter fields ψ i . A Brans-Dicke theory (in dimension m) is described by a Lagrangian of the form
where R is of course the scalar curvature of g, α, β, ω are constants and U (ϕ) a potential describing self interactions of the scalar field ϕ.
One can easily check that field equations for the Brans-Dicke Lagrangian are
One can subtract from the first equation its trace and eliminate the scalar curvature by comparing the trace of the first and the second equation, so that field equations can be recast as Let us stress that this equivalence is established at the level of field equations and solutions. We shall establish it at the level of actions below.
Moreover, the two conformal transformations performed in Palatini-f (R) theories are different. In the first place, to solve Palatini-f (R) theories, we defined the conformal metricg = ϕg (leaving the connection unchanged). Then the connection is eliminated by solving the second field equation. Then one goes back to the original metric by the transformation g = ϕ −1g .
However, at this point the connectionΓ has been eliminated as an independent field and substituted byΓ = {g}. Accordingly, the transformation g = ϕ −1g does act both on the metric and connection (indeed one transforms the whole Ricci tensorR αβ ). In other words these two transformations are not the inverse to each other and in fact one does not obtain the original theory but Brans-Dicke theory which is a purely metric theory. In the following Section we shall consider the same transformations at the level of Lagrangians to clarify their roles.
Helmholtz Lagrangian for Palatini-f (R) Theories
A first step of transformation at the level of Lagrangian was considered, in dimension m = 4, in [8] . Let us start by reviewing it in a generic dimension. 
which is considered as a Lagrangian for the independent fields (g µν ,Γ α βµ , ϕ, ψ i ).
Field equations of this Lagrangian are
These equations are equivalent to field equations of the original Palatini-f (R) theory, namely (3.5) together with the definition of the conformal factor ϕ α = f ′ (R). The third equation
e. the definition of the conformal factor. In view of this definition, then the second field equation∇ λ √ gϕ α g µν = 0 becomes equal to the second field equations in (3.5). The first equations in (3.5). and (4.2) also becomes equal. Finally, the matter field equations E i = 0 are equal in both theories as well.
Accordingly, the correspondence
defined by ϕ = (f ′ (R)) 1/α does in fact send solutions into solutions.
The Lagrangian L H is defined on a suitable jet prolongation of the configuration bundle
which has coordinates (x µ , g µν , ϕ,Γ α βµ , ψ i ). Let us refer to this choice of independent fields as the Helmholtz frame.
The Lagrangian L H is obtained by introducing in Palatini-f (R) theory the momentum ϕ conjugated to R as an independent variable.
Einstein frame
The Einstein frame (i.e. the choice of independent fields, or the choice of the representative of the conformal gauge) is a field coordinate system in which the theory seems standard GR. On the bundle B one has coordinates (x µ , g µν , ϕ,Γ α β , ψ i ). However, one can use equivalent fields
This is simply a field transformation and, accordingly, it does not change the theory. The Lagrangian in the new coordinates reads as
which is in fact a standard Palatini GR Lagrangian with an additional matter field ϕ (which enters at order zero in the dynamics) and the effective matter Lagrangiañ
Since the conformal factor ϕ enters at zero order its field equation is algebraic and it inherits its dynamics from the gravitational field mediating together withg the interaction with matter.
In this theory, keeping the EPS interpretation of Palatini-f (R) theories as ETG, one has dark sources described by the interactions mediated through ϕ (together with ϕ itself), the free fall of test particles is disctated byg while operational definitions for distances and clocks (original encoded by the metric g) are now described by g = ϕ m−2 2g .
Brans-Dicke frame
Instead aiming to write everything in terms ofg one can again start from the Helmholtz Lagrangian and do the transformation
this time choosing independent fields as (g µν , Γ α βµ , ϕ, ψ i ). The transformation has been chosen so that it transforms the independent connectionΓ as it would change under conformal transformation of the metric if it were the Levi-Civita connection of the corresponding metric. We shall see below that then field equations in fact will fix Γ α βµ to be the Levi-Civita connection of the metric g.
This transformation needs to be treated more carefully than the one to Einstein frame since the new fields do not depend on old fields only but also on their derivatives (on the first derivatives of ϕ in particular). Let us define the bundle 
The original Helmholtz Lagrangian is a horizontal form on J 1 C and the bundle J 1 C can be pulled-back along the transformation Φ on B, as described by the following diagram The Helmholtz Lagrangian L H can be pulled-back on the bundle
along the map JΦ to obtain the Lagrangian
Since we know the variation of L H to be in the form 
which though different are equivalent to the ones of the Helmholtz Lagrangian, and hence equivalent to the original Palatini-f (R) theory.
In fact, matter and connection equations are always unchanged just written in the new variables. Then in particular the field equation of the connection keep prescribing thatΓ = {g}, i.e., equivalently, that Γ = {g}. Once this equation is satisfied, then the additional terms in the field equations of the metric g and conformal factor ϕ vanishes and also these equations determines the same conformal factor and metric as the Helmholtz Lagrangian. In conclusion also the Lagrangian L * is dynamically equivalent to the Helmholtz Lagrangian and hence to
Brans-Dicke and the original Palatini-f (R) theory.
Let us stress that also we showed that L * is an equivalent formulation of the metric Brans-Dicke theory in a metric-affine form. If one takes the Brans-Dicke theory seriuosly though, the metric g describes light cones, free fall of test particles and observational protocols of distances. If one keeps stuck to the EPS interpretation of the original Palatini-f (R) theory, then g describes light cones and observational protocols, while free fall of test particles is described by the metric g = ϕ · g.
Conclusions and Perspectives
Palatini-f (R) are not the most general ETG and are relatively disregarded in the literature for a number of issues which we would like to summarize and discuss hereafter.
Solar System tests
The first issue is that solar system tests rule out Brans-Dicke theories (with no potentials) or at least put strong constraint on the parameter ω. In dimension m = 4 we obtained the value ω = − 3 2 which is almost certainly ruled out. Although a detailed discussion would be needed to deal with potentials, we have noticed that in view of the analysis and EPS interpretation Brans-Dicke theories are dynamically equivalent to Palatini-f (R) though one has different free fall in the two cases. While in the classical Brans-Dicke theory free fall is described by g, in Palatini-f (R) it is described byg. Being the two metrics conformal they share the same light cones and null geodesics. However, they have different timelike geodesics. For example, if one assumes Mercury to follow a geodesic orbit with respect tog there are plenty of f (R) models (all of them corresponding to a Brans-Dicke with ω = − 3 2 ) which pass the classical precession tests; see [9] , [10] , [11] .
As a matter of fact, free fall of test particles is an independent assumption in field theory which is not determined by the variational framework which instead fixes the interactions be-tween fields. Of course, one can obtain equations for curves from field equations (by means of characteristics, eikonal approximation, motion of wave packets, solutions supported on curves). However, none of these methods can prescribe an interpretation. For example, let us consider particles associated to a Klein-Gordon field φ. Klein-Gordon field equations read as
and one can associate to these equations geodesics of the metric used to define the box operator (e.g. through characteristics). Nicely this independent of the mass m 2 in the Klein-Gordon operator.
Can one say that there is a test particle falling along g-geodesics?
It mostly depends if we believe that the field φ is associated to test particles. In fact one can simply perform a conformal transformation in the Klein-Gordon sector and define a new field
2 φ which obeys a new Klein-Gordon field equation
to which one associatesg-geodesics; see [12] , [13] , [10] . Whether tests particles are described by φ orφ is again a matter of definition.
If one believes in this freedom, then new possibilities arise. For example, one could ask whether it is sound a model in which quantum theory for the particle associated to the Klein-Gordon field is developed in a reference frame in which g is locally almost Minkowskian (i.e. by using φ), while free fall is dictated byg (i.e. by usingφ).
Of course, it would be strange to do quantum mechanics in a reference frame which is not free falling. However, one can trivially remark that colliders on the Earth are not free falling; they are approximately free falling, in the sense that gravitational effects are weak compared to the interactions considered and experiments are short so that one can neglect gravity. Let us stress that in most models (e.g. in cosmology) it is reasonable to expect the differences between g and g to become manifest on very large scales (including very long time intervals) compared to the scales of the whole universe. Modifications due to conformal factor can be locally neglected compared to gravitational effects which can in turn be neglected compared to other interaction studies in colliders.
Then all one should do is trying to define such a model and make predictions that can be falsified by observations. For example falsification can come from baryogenesis or structures formation. It appears very unlikely that they come from particle physics in colliders or quantum effects in standard models.
Matter spectra
We can see stars very distant from us and observe absorption lines of the gas around them very precisely. Since absorption lines are determined by physical constants (speed of light, Planck constant) and coupling constants (mass and charge of the electron). There are very tight constraints about possible changes of these constants also over (most of) the life of the universe.
From the analysis we did above, one can see that matter equations do not change while the frame is changed. The coupling constants among matter and matter (e.g. the electric charges) are not affected by conformal transformations. The conformal factor just affect the coupling between matter and gravity. This effect can be seen as dark sources, or used to redefine the Newton universal constant to define an effective coupling constant G eff which of course depends on the point through the conformal factor.
Constraints on G are considerably less tight than the ones about, e.g., electron charges. Usually one finds that G is assumed to be constant up to 10% over the life of the universe. Tighter constraints may comes from baryogenesis and structure formations which though strongly depend on the specific models and need to be investigated in details.
In any event, in cosmological applications one expects a conformal factor which depends just on the age of the universe and the function f is chosen so that it does not violate obvious constraints (e.g. producing in vacuum a tiny positive cosmological constant); see [14] . There are a huge family of functions f to be chosen so that the effective coupling constant G eff varies very slowly in time and space so that one can assume it to be constant over the Solar System over centuries. Now it is not hard to get that we measured G in the solar system in the last few centuries so that for us G ≃ G eff , i.e. it corresponds to a conformal factor ϕ ∼ 1 of the order of unity. This is not a coincidence, but the consequence of our conventions on physical units which are in turn determined by experiments done here and now.
On the other hand, we often observe systems far away in space and back in time, often at distances comparable with the dimension of the whole universe. However, conformal factor can be conjectured to be constant during the phenomena we observe. As a matter of fact we did not make observations or experiments that are sensitive to changes of conformal factors. For example, we did not measure G over billion of years.
No-go theorem for polytropic stars
It has been noticed that in Palatini-f (R) theories if one matches a star model assuming polytropic equation of state (EoS), there are physical values of the polytropic parameters (e.g. the values used to model neutron stars) for which the inner solution develop an essential singularity near the surface of the star; see [15] . This has been used to claim that generic Palatini-f (R) theories are unphysical since they do not allow simple models of stars.
After that it was argued that the result strongly depends on EoS which are by their nature an approximation. The singularity develop at pressure unphysically low, so that any slight changes of the matter sector may prevent the singularity formation; see [16] .
We recently analyzed the result and show further weakness in its interpretation; see [17] . In the first place the result mathematically relies on regularity of the function f (R). If continuous but non-smooth functions f (R) are allowed then one can define models in which the previously diverging models are now regular.
Moreover and more importantly, the singularity is developed when matching the metric g. One can show that matchingg no singularity is formed (of course sinceg obeys standard GR though with extra dark sources). That means that ifg matches when g does not, the singularity comes from the conformal factor. In fact one can explicitly show that the the conformal factor is continuous but not differentiable at the surface. Solutions with C 1 matching usually needs extra source shells at the surface which in view of what noticed in [16] can call for a modification of EoS at the surface preventing the formation of the singularity.
And in any event, in view of EPS interpretation, one should matchg not g and in Einstein frame there is no singularity. Also when the matching of g is regular, matching g org can be shown to be different and one expects that also in that case the physical model of a star should deal with matchingg. And matchingg is not more difficult than in standard GR.
Standard clocks
Perlick considered a definition of standard clock which is viable in Weyl geometries and consequently in Palatini-f (R) theories; see [18] . Basically he defined a standard clock as a clock for which covariant acceleration is normal to covariant velocity. This extends the request of being free falling which does not apply to clocks on Earth in the first place. He also proved that any clock can be made standard by properly changing parametrization. Also one can prove that any congruence of clocks can be made standard by selecting a suitable representative of the conformal class; see [19] . Moreover, any congruence of clock does select (i.e. uniquely determine) a representative of the conformal class for which they are standard clocks.
Hence one could ask what happen if the atomic clocks happened not to be standard for the metric governing the free fall of test particles? That they would determine a new representative of the conformal factor quite naturally.
Then the issue becomes now if could we experimentally test whether the atomic clocks are standard forg or not. Once again one should assume they are not, make predictions and test.
Distances measurements
Chandrasekhar limit is determined by a balance of quantum effects and gravitational attraction. If in a Palatini-f (R) theory the Newton constant acts effectively through G eff and depends on time, while quantum mechanics is not depending on the conformal factor (otherwise that would affect emission lines) then the limit would itself depend on time. That means that far away supernovae Ia may have a different absolute luminosity since they could be fired at a different critical mass. And one has to stress that supernova Ia are used as standard candels just because they are assumed the have the same absolute luminosity.
Could we experimentally see if supernovae Ia were not standard?
All the issues suggest the following model interpretation for Palatini-f (R) theories. Visible standard baryonic matter is described by the matter fields ψ which couples to g in L m . According to EPS the free fall is described byg and quantum mechanics is described in the frame of g. Quite naturally atomic clocks are not necessarily standard forg but for g, which implies that distances and time intervals are described by g. Due to this different frame between gravitational and quantum physics visible matter acts as gravitational source together with dark sources appearing effectively in the Einstein frame, but disappearing at fundamental level in the original Jordan frame.
Can we detect experimentally a possible shift of frame between gravitational and fundamental quantum physics?
This conjectured shift is not tiny at the cosmological scales and it requires the tuning of many different effects. Just for that it should not be difficult to be disproven. Let us finally stress that this proposal is simply more general that standard GR. It only by assuming more general frameworks that one can conceive tests that can confirm or disprove the old ones. Even if finally standard GR will be confirmed and ETG disproven on the basis of observations by doing that we shall find a better and more solid foundation for interpretation of gravitational theories.
